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5-Demethyltangeretin (5DT) is a unique polymethoxyflavone mainly found in the peel
of citrus, and has shown potent suppressive effects on multiple human cancer cells.
Biotransformation plays a critical role in the biological activities of dietary bioactive
components because their metabolites may exert significant bioactivities. In the present
study, the metabolic fate of 5DT in mouse gastrointestinal (Gl) tract after long-term
oral intake and the anti-cancer effects of its major metabolite were determined. It was
found that 5DT underwent extensive biotransformation after oral ingestion in mice. A
major demethylated metabolite was produced via phase | metabolism, while conjugates
(glucuronide and sulfate) were generated via phase Il metabolism. Specifically, 4’-position
on the B ring of 5DT was the major site for demethylation reaction, which led to the
production of xanthomicrol (XAN) as a major metabolite. More importantly, the level of
XAN in the colon was significantly higher than that of 5DT in 5DT-fed mice. Thus, we
further determined the suppressive effects of XAN on human colon cancer HCT116 cells.
We found that XAN effectively inhibited the proliferation of HCT116 cells by arresting
cell cycle and inducing cellular apoptosis, which was further evidenced by upregulated
p53 and p21 and downregulated cyclin D and CDK4/6 level. In conclusion, this study
identified XAN as a major metabolite of 5DT in mouse Gl tract, and demonstrated its
suppressive effects on HCT116 colon cancer cells.

Keywords: polymethoxyflavone, 5-demethyltangeretin, xanthomicrol, biotransformation, colon cancer

INTRODUCTION

Polymethoxyflavones (PMFs) are unique, natural flavonoids present in citrus fruits. Previous
researches have demonstrated a broad spectrum of beneficial effects of PMFs, including
antioxidant, anti-inflammation, anti-obesity, and anti-cancer effects (1). Tangeretin and nobiletin
are the most common PMFs found in citrus peels (1, 2). In recent decades, a unique subclass
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GRAPHICAL ABSTRACT | Xanthomicrol (XAN) was the major metabolite in the colon of 5-demethyltangeretin (5DT)-fed mice, and the colonic level of XAN was
significantly higher than that of 5DT. Additionally, XAN potently suppressed the proliferation of HCT116 cells by arresting cell cycle and inducing cellular apoptosis.

HCT116 Colon
Cancer Cells

of PMFs, hydroxylated PMFs has been characterized.
Hydroxylated PMFs are mainly formed during long-term
storage of citrus fruits, most of which are 5-demethylated PMFs,
such as 5-demethyltangeretin (5DT) and 5-demethylnobiletin
(5DN) (1, 3). Accumulating studies suggested that hydroxylated
PMFs may exert more potent bioactivities than their PMF
counterparts (4-10). Previously, we reported that demethylation
at 5-position on the A ring significantly enhanced the growth
inhibitory effects of PMFs on human colon cancer cells compared
to their counterparts (7). In human non-small cell lung cancer
(NSCLC) cells, 5DT was more efficacious than its counterpart
tangeretin in inhibiting cancer cell proliferation and inducing
apoptosis and cell cycle arrest (9).

Biotransformation may greatly affect the biological properties
of dietary compounds. The metabolites generated by the
biotransformation may exhibit different biological activities
compared to the ingested, parent compounds (11). Some
mono- and di- hydroxylated PMFs are formed during the
biotransformation of PMFs (1, 12, 13). For example, 4'- and
3’- positions on the B-ring of nobiletin and 5DN were two
major sites for demethylation metabolism (6, 14-16). Further,
these mono- and di- hydroxylated metabolites may exert
greater beneficial bioactivities compared to nobiletin or 5DN.
In particular, 4’-demethylnobiletin showed more potent anti-
inflammatory effects on chemical induced skin inflammation in
mice than nobiletin did (5). Also, 5,3'-didemethylnobiletin, the

Abbreviations: PME  polymethoxyflavone; ~ TAN,

5-demethyltangeretin; XAN, xanthomicrol.

tangeretin;  5DT,

3’- hydroxylated metabolite of 5DN, resulted in a 49-fold stronger
anti-proliferative effect on H1299 NSCLC cells than 5DN did (8).
Altogether, biotransformation of PMFs, especially the formation
of hydroxylated metabolites may contribute significantly to the
health benefits of dietary PMFs.

However, to our knowledge, the metabolism and
biotransformation of 5DT has not been systemically studied. In
our recent study, we found that xanthomicrol (XAN) was an
abundant metabolite of 5DT in the colonic mucosa of 5DT-fed
mice (17). After 4 weeks oral intake of 5DT, the concentration
of XAN was much more abundant than that of 5DT in the
colonic mucosa (17). Moreover, XAN showed potent anti-
inflammatory properties in lipopolysaccharide-treated RAW
264.7 macrophages, at physiologically achievable concentrations
(17). However, as a major metabolite of 5DT found in the colonic
mucosa, XAN’s anti-cancer efficacy on colon cancer cells has
never been reported. Herein, we characterized the metabolic
fate of 5DT in mouse GI tract (stomach, small intestine, cecum,
and colon) after long-term oral intake, and determined the
anti-cancer effects of its major colonic metabolite XAN in
human colon cancer HCT116 cells.

MATERIALS AND METHODS

Animals, Diets, and Experimental
Procedure

As reported previously, XAN and 5DT were chemically
synthesized, with purity >98% [Chemical structures are
illustrated in Figure 1; (10, 18)]. All procedures and protocols
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FIGURE 1 | (A) Metabolic pathway of 5DT in mouse gastrointestinal tract. (B) Representative LC/ESI-MS chromatograms of synthesized standards for 5DT and XAN
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were approved by the Institutional Animal Care and Use
Committee of the University of Massachusetts (#2011-0066).
Ten CD-1 mice (male, 5-week of age) were purchased from
Charles River Laboratories (Wilmington, MA). All mice were
kept in an air-conditioned room with 12-h light/night cycle,
temperature of 23°C, humidity of 65-70%, and unrestricted
access to AIN93G diet and water. After acclimation (1 week),
animals were randomly assigned to one of the two groups (5
mice per group): (i) standard AIN93G diet and (ii) AIN93G diet
supplemented with 0.1% 5DT (w/w). All mice were allowed to eat
and drink ad libitum. After 10 weeks of intervention, all animals
were sacrificed by CO, asphyxiation. Colonic mucosa for LC-MS
analysis was scraped and stored at —80°C.

Identification of the Major Metabolites of
5DT in Mouse Gl Tract

Samples for LC-MS analysis were prepared as we described
previously (19, 20). Briefly, aliquots of the mucosa of mouse
stomach, small intestine, cecum, and colon were homogenized
with 50% methanol by Bead Ruptor Homogenizer (Omni
International, Kennesaw GA). All sulfated and glucuronide
metabolites were measured by enzymatic hydrolysis of the
processed samples with B-glucuronidase and sulfatase as
described (20, 21). Then the homogenates were extracted with
equal volume of ethyl acetate for 3 times. The ethyl acetate
extracts were combined and dried using a vacuum concentrator
(Model: SVC 100H, Thermo Fisher Scientific Inc.), and then
resuspend in 50% methanol for LC-MS (Model 2020, Shimadzu,

Kyoto, Japan) analysis. Quantitation by LC-MS was performed by
SIM, using ESI mode as described previously (22).

Analysis of Cell Viability, Apoptosis, and
Cell Cycle

HCT116 human colorectal cancer cells were purchased from
American Type Cell Collection (ATCC, Manassas, VA). Assays
for cell viability, apoptosis and cell cycle were performed as
we previously described (7, 23, 24). Briefly, cells were seeded
in a 96-well plate. After 24 h of incubation for cell attachment,
HCT116 cells were treated with serial concentrations of XAN
in serum complete media, and the cell viability was determined
by MTT method (7, 23). HCT116 cells were seeded in a 6-
well plate for apoptosis and cell cycle analysis. After 24 h, cells
were treated with 15 and 21 uM of XAN, and after treatment,
media containing any floating cells were harvested and combined
with adherent cells that were detached by trypsin treatment.
Cell pellets were then washed with ice-cold PBS and subject
to apoptosis and cell cycle analysis using flow cytometry as we
reported previously (7, 23).

Immunoblot Analysis

Whole cell lysates of HCT116 cells were prepared using
RIPA buffer with protease and phosphatase inhibitors (Boston
BioProducts, Ashland, MA) according to the method we
described previously (25-27). In brief, 50 pg proteins were
separated on SDS-polyacrylamide gel electrophoresis (8 or 12%)
and transferred onto a nitrocellulose membrane. After blocking,
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membrane was probed with different primary antibodies to p53,
p21, cyclin D, and CDK4 (Cell Signaling Technology, Beverly,
MA) at concentrations recommended by the manufacturer.
Proteins were visualized and quantified using infrared imaging
system (Odyssey CLx, LI-COR Biosciences, Lincoln, NE). p-
Actin (Sigma-Aldrich, St. Louis, MO) was used as an equal
loading control.

Statistical Analysis

All data were presented as the mean 4= SD or SE, unless otherwise
specified. Student’s ¢-test was used for the comparison between
two groups. One-way analysis of variance (ANOVA) followed by
Tukey’s post-hoc test was used to test the mean difference between
three groups. Statistical significance was accepted at a P < 0.05.

RESULTS AND DISCUSSION
Metabolic Fate of 5DT in Mouse Gl Tract

It is known that many flavonoids undergo extensive
biotransformation and subsequently produce various metabolites
as a result of the first-pass metabolism in the liver and GI tract.
Interestingly, these metabolites may possess unique and even
more potent biological activities. The detailed metabolic fate of
5DT in the GI tract has not been studied. Herein, we sought to
characterize the metabolic fate of dietary 5DT in the GI tract of
CD-1 mice, after long-term oral administration. 5DT was mixed
with standard AIN93G diet at 0.1% (w/w). Mice in the 5DT
intervention group were fed with AIN93G diet supplemented
with 0.1% 5DT.

Body weight was monitored once a week, and the final weight
of liver and spleen was recorded. There was no significant
difference between control and 5DT-fed mice, with respect to
body weight gain and the weight of liver and spleen. The
percentage weight of spleen (spleen weight/ body weight) of
control mice and 5DT-fed mice is 0.42 & 0.03 and 0.38 £ 0.02,
respectively. The percentage weight of liver of control mice and
5DT-fed mice is 3.58 & 0.12 and 3.47 £ 0.15mg, respectively.
Further, no obvious appearance or behavioral difference was
observed either, indicating no significant toxic effects associated
with long-term dietary intake of 5DT in mice. It should be noted
that the dose of 5DT used in this study is reasonably achievable in
humans by taking dietary supplement of 5DT. This mouse dose is
equal to approximately a dose of 750 mg of 5DT daily for a 60 kg
adult based on the equivalent surface area dosage conversion
factors (28), which warrants the translational implications of the
present study.

Previously, we have determined the plasma levels of PMFs,
such as nobiletin and 5DN (29, 30). We found that these
PMFs and their metabolites were present in plasma at low
concentrations; however, their bioavailability in the colon was
drastically higher, reaching WM levels. We have reported that
gut microbiota may play a critical role in the biotransformation
of PMFs, thereby significantly enhanced their bioavailability in
the colon (31, 32). Further, some metabolites of nobiletin and
5DN exerted greater suppressive effect on colon cancer cells than
their parent compounds did (6, 16). Taken together, in this study,
we chose only to focus on the metabolic fate of 5DT in the GI

tract, and then determined the inhibitory of its major colonic
metabolite on human colon cancer cells.

After a 10-week intervention, the GI mucosa samples
obtained from both groups of mice were analyzed by LC-
MS for identification and quantification of the metabolites
of 5DT. We found that 5DT (SIM: m/z 359 [M-H]+,
retention time of 22.8min, Figure 1B Peak-2) underwent
extensive biotransformation in 5DT-fed mice, and yielded
multiple metabolites via phase I metabolism, and their sulfate
and glucuronide conjugates via phase II metabolism. Among
these metabolites, one metabolite (SIM: m/z 345 [M-H]+,
retention time of 19.2 min, Figure 1B Peak-1) showed the highest
abundance across different GI tissues. Based on its molecular
weight, this metabolite was hypothesized to be xanthomicrol
(XAN). Using chemically synthesized and authenticated XAN
standard, we confirmed that the major metabolite of 5DT was
XAN. This finding was consistent with previous reports showed
that one major site of phase I metabolism of PMFs including
nobiletin, tangeretin and 5DN, is the 4’-positions on B ring
(6, 10, 13, 33, 34).

Phase II conjugation was mainly occurred in the liver and
enterocytes that produce glucuronides, sulfates and methyl
conjugates, and small amount of free aglycones (35, 36). In this
study, we found that the phase II metabolites of 5DT were mainly
presented in the small intestine, whereas a modest amount of
phase II metabolites was also found in the cecum (Figure 2B).
However, very limited amount of phase II conjugates was present
in the colon. The drastic decrease in the percentage of phase II
metabolites in the cecum and colon in comparison to the small
intestine suggested that gut microbiota in the cecum and colon
might help deconjugate these phase II metabolites of 5DT and
transform them to the corresponding aglycons, e.g., from XAN
glucuronide to XAN. Gut microbiota have a critical and complex
role in transforming dietary phytochemicals. In fact, the health
benefits of some phytochemicals including PMFs have been
found to at least partially depend on their biotransformation in
the gut (37, 38). Since phytochemicals and gut microbiome share
a bidirectional relationship, 5DT and its colonic metabolites may
impact the composition and function of gut microbiome as well.
In future studies, the interplay between the two entities warrants
further investigation.

Quantification of 5DT and XAN in Mouse Gl

Tract
Since XAN is the primary metabolite of 5DT in GI tract of
5DT-fed mice, we further quantified the levels of 5DT, XAN,
and their phase II conjugates in the colonic mucosa. Using the
synthesized standards, we determined the levels of XAN and
5DT in mouse GI tract (Figure 2A). The concentrations of XAN
and 5DT in the stomach were 2.88 £ 0.99 and 24.87 £ 12.04
nmol/g of tissue, respectively. The concentrations of XAN and
5DT in the small intestine were 8.04 £ 1.59 and 9.62 % 0.80
nmol/g of tissue, respectively. The concentrations of XAN and
5DT in the cecum were 35.08 & 11.95 and 37.47 & 4.92 nmol/g
of tissue, respectively.

The concentrations of XAN and 5DT in the colon were 15.59
£ 1.08 and 10.03 £ 0.65 nmol/g of tissue, respectively. We
should note that the concentration of XAN was significantly

Frontiers in Nutrition | www.frontiersin.org

July 2020 | Volume 7 | Article 103


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wu et al. Biotransformation of 5-Demethyltangeretin in Mice

A Stomach Small Intestine Cecum Colon
50 50 50 50
B Free form
45 45 45 45
Conjugates
40 a0 40 40 | M Coniug
35 [ 35 35 35
g 30 30 30 30
[}
E 25 25 25 25
£ g0 20 20 20
15 15 15 15
10 10 10 10
5 5 S 5
0 0 0 0
5DT XAN 5DT XAN 5DT XAN 5DT XAN
B 5DT
120
(%]
©
5
3 100
Q.
€
g @
o
S 60
©
3
% 40
=
[oX
Y
S 20
3
0
Stomach Small Intestine Cecum Colon
B Free form
[ Conjugates
XAN
w 120
Rl
c
3 100
Qo
€
8 s
°
S 6o
P
(%]
© 40
=
[o X
“—
© 2
E3
0
Stomach Small Intestine Cecum Colon
FIGURE 2 | The absolute levels (A) and the percentage (B) of 5DT and XAN, and their conjugates in the stomach, small intestine, cecum, and colon of 5DT-fed mice.
Data are shown as mean + SD.
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lower than that of 5DT in the stomach and greater than that
of 5DT in the colon. Interestingly, the concentrations of both
5DT and XAN achieved in the colon after 10-week dietary
consumption were higher compared to those achieved after 4-
week intervention of 0.1% (w/w) 5DT as we reported previously
(17), suggesting that continued oral intake may further improve
the bioavailability of 5DT. One of the underlying mechanisms
could be improved composition of gut microbiota—many studies
have shown that gut bacteria play an essential role in the
biotransformation of dietary bioactive components, including
PMFs (30, 31, 39). On the other hand, dietary compounds
influence the composition of gut microbiota (40). Thus, we
hypothesized that long-term dietary consumption of 5DT altered
the composition of gut microbiota in mice, which in turn
impacted the biotransformation of 5DT. Further research is
warrant to understand the bidirectional relationship of gut
microbiome and 5DT.

Using the 5DT and XAN standards, we further estimated
the concentrations of their phase II metabolites in the GI
tract. Briefly, only trace amount of XAN conjugates and 5DT
conjugates were detected in the stomach and colon, respectively.
The majority of phase II conjugates of 5DT and/or XAN were
presented in the small intestine and cecum. In the small intestine,
the concentrations of 5DT and XAN conjugates were ~19.73 +
7.13 and 24.03 £ 4.64 nmol/g of tissue, respectively. And in the
cecum, the concentration of 5DT conjugates was ~6.95 & 3.35
nmol/g of tissue. It is very evident that the major forms of 5DT
and XAN in the small intestine were the conjugated forms, which
is in good agreement with previous studies (41).

Inhibitory Effects of XAN, the Major
Colonic Metabolite of 5DT, on HCT116

Human Colon Cancer Cells

Colon cancer is one of the leading causes of cancer-related death
in both sexes in the United States (42). The chemopreventive
effects of 5DT have been reported in multiple models (7, 9, 43).
However, the inhibitory effects of its major colonic metabolite on
colon cancer cells remain unknown. To better understand the
biological activities of 5DT, we determined the effects of XAN
on the growth of human colon cancer HCT116 cell line, which
is a widely-used in vitro model of colon cancer, and investigated
the underlying molecular mechanisms. As shown in Figure 3A,
overall, XAN exhibited a potent growth inhibitory effect on
HCT116 cells. For example, XAN at 15 and 24 uM resulted in 58
and 97% inhibition, respectively, on HCT116 cells. Compared to
our previous study on 5DT (7), although the growth inhibitory
effect of XAN in HCT116 cells was not as strong as that of its
parent compound 5DT, given the significantly greater level of
XAN achieved in the colon after long-term consumption, it is still
of great importance to investigate the bioactivities of XAN.

If we assumed that 1 gram of colonic tissue gave 1 mL of
volume, the colonic level of XAN was 15.59 wM. It should be
noted that this colonic concentration of XAN was achieved in
mice by ad libitum feeding of standard diet containing 0.1% 5DT
(w/w) throughout a 10-week feeding period. Thus, it reflects a
stabilized and sustained level of XAN in the colon after long-
term exposure to 5DT. If the mouse was given a one-time oral

administration (e.g., via taking 5DT supplements in capsules),
a much higher colonic level of XAN is likely to be achieved.
To assess the suppressive effects of XAN on colon cancer in a
physiologically relevant manner, 15 and 21 M of XAN were
chosen for the further experiments.

Induction of Apoptosis and Cell Cycle
Arrest by XAN

Next, the mechanisms of action of XAN in suppressing the
growth of colon cancer cells were investigated. Uncontrolled
cell cycle progression and reduced apoptosis are some common
hallmarks of cancer (44), to determine if the induction of
apoptosis and cell cycle arrest contributed to the growth
inhibition of XAN, the effects of XAN on apoptosis and cell
cycle of HCT116 cells were determined using flow cytometry.
As shown in Figure 3B, 15 and 21 pM of XAN significantly
increased cell accumulation in G2/M phase, while 21 wM of XAN
also led to cell cycle arrest at G1/GO phase. Moreover, XAN at
15 and 21 pM greatly induced both early and late apoptosis of
HCT116 cells (Figure 3C). For example, XAN at 15 and 21 uM
increased late apoptotic cell population by 9.2- and 41.8-fold in
comparison to the untreated control cells, respectively. Taken
together, the flow cytometric analysis indicated that activation
of cell cycle arrest and cellular apoptosis was involved in the
chemopreventive activities of XAN.

Modulation of Key Signaling Pathways
Associated Apoptosis and Cell Cycle by

XAN Treatments

To further understand the role of XAN on apoptosis and cell
cycle arrest, several key signaling proteins in these pathways were
examined by western blot analysis. We found that XAN at 15
and 21 uM significantly upregulated the protein levels of p53 by
1.40- and 2.91-fold, and p21 by 2.13- and 2.43-fold, respectively
(Figure 4). In colon cancer patients, p53 signaling is frequently
dysregulated along with other pro-cancerous signaling such as
Whnt/B-catenin and Ras (45). The p53 tumor suppressor has been
extensively studied because of its critical role in antiproliferative
processes. The expression of p53 can be triggered by DNA
damage, hypoxia, and aberrant oncogene expression. A disrupted
p53 therefore functions to promote genomic instability, defects
in cell cycle checkpoints and survival of cancer cells (46).
In HCT116 human colon cancer cells, p21 is expressed by a
p53-dependent mechanism. P21 is a suppressor of cell cycle
progression because it inhibits cyclin-dependent kinase (CDK)-
cyclin complexes (47). Many CDKs and cyclins are overexpressed
in human cancers, and some of them have been found to be
required for tumor initiation and progression, such as cyclin D
and CDK4 (48). In particular, different CDK-cyclin complexes
function to promote cell cycle progression through different
phases, for example, cyclin E/CDK2 and cyclin D/CDK4 regulate
the cell-cycle during G1/S transition (48, 49). In this context,
our studies demonstrated that subsequent to p53-dependent
expression of p21 in the HCT116 cell treated with XAN at
21 uM, inhibition of expression of cyclin D and CDK4 occurred
(Figure 4). Taken together, the western blot data was consistent
with the observations from flow cytometry, suggesting that XAN
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attenuated the growth of HCT116 cells by inducing and arresting
cell cycle progression.

Opverall, the present study provided new information on the
inhibitory effects of 5DT’s primary metabolite XAN on colon
cancer cells. In future, the relative potency of XAN in inhibiting
colon cancer cells should be compared to that of a known anti-
cancer drug to better understand the chemopreventive efficacy of
XAN. In vivo study is needed to assess the bio-efficacy of XAN.
Moreover, the role of gut microbiome in the biotransformation
of 5DT remains unclear, which warrants future studies to
determine the role of gut microbiota in metabolic fate of 5DT
and XAN.

CONCLUSION

In conclusion, for the first time, we investigated the metabolic
fate of 5DT in mouse GI tract after long-term oral intake.
We found that 5DT’s 4’-position on the B-ring was a

major site for demethylation reaction, resulting in the
primary metabolite XAN. Moreover, we quantified the
levels of XAN and 5DT in the mucosa of the stomach,
small intestine, cecum, and colon. In addition, we found
that XAN exerted significant growth inhibitory effects on
HCT116 human colon cancer cells at physiologically achievable
concentrations via inducing apoptosis and cell cycle arrest.
This study provided useful information on the biological
activity and mechanism of action of 5DT, XAN, and other
related PMFs.

DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included
in the article/supplementary material, further inquiries can be
directed to the corresponding author/s.

Frontiers in Nutrition | www.frontiersin.org

July 2020 | Volume 7 | Article 103


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wu et al.

Biotransformation of 5-Demethyltangeretin in Mice

ETHICS STATEMENT

The protocol for the animal experiment was approved by the
Institutional Animal Care and Use Committee of the University
of Massachusetts (#2011-0066).

AUTHOR CONTRIBUTIONS

XW and HX conceived and designed all experiments,
analyzed the data, and wrote the manuscript. XW, ZL, YS,
FL, ZG, and JZ performed the experiments. All authors
read and approved the final manuscript. All authors

REFERENCES

1. Li S, Lo CY, Ho CT. Hydroxylated polymethoxyflavones and methylated
flavonoids in sweet orange (Citrus sinensis) peel. ] Agric Food Chem. (2006)
54:4176-85. doi: 10.1021/jf060234n

2. Han S, Kim HM, Lee JM, Mok SY, Lee S. Isolation and identification of
polymethoxyflavones from the hybrid citrus, hallabong. J Agric Food Chem.
(2010) 58:9488-91. doi: 10.1021/jf102730b

3. Xiao H, Yang CS, Li S, Jin H, Ho CT, Patel T. Monodemethylated
polymethoxyflavones from sweet orange (Citrus sinensis) peel inhibit growth
of human lung cancer cells by apoptosis. Mol Nutr Food Res. (2009) 53:398-
406. doi: 10.1002/mnfr.200800057

4. Wu X, Song M, Rakariyatham K, Zheng J, Guo S, Tang Z, et al. Anti-
inflammatory effects of 4-demethylnobiletin, a major metabolite of nobiletin.
] Func Foods. (2015) 19(Pt A):278-87. doi: 10.1016/}.j{f.2015.09.035

5. Wu X, Song M, Rakariyatham K, Zheng ], Wang M, Xu E et al
Inhibitory effects of 4’-demethylnobiletin, a metabolite of nobiletin, on 12-O-
tetradecanoylphorbol-13-acetate (TPA)-induced inflammation in mouse ears.
J Agric Food Chem. (2015) 63:10921-7. doi: 10.1021/acs.jafc.5b05156

6. WuX, Song M, Wang M, Zheng ], Gao Z, Xu F, et al. Chemopreventive effects
of nobiletin and its colonic metabolites on colon carcinogenesis. Mol Nutr
Food Res. (2015) 59:2383-94. doi: 10.1002/mnfr.201500378

7. Qiu P, Dong P, Guan H, Li S, Ho CT, Pan MH, et al. Inhibitory effects of
5-hydroxy polymethoxyflavones on colon cancer cells. Mol Nutr Food Res.
(2010) 54(Suppl. 2):5244-52. doi: 10.1002/mnfr.200900605

8. Song M, Charoensinphon N, Wu X, Zheng J, Gao Z, Xu E
et al. Inhibitory effects of metabolites of 5-demethylnobiletin on
human nonsmall cell lung cancer cells. J Agric Food Chem. (2016)
64:4943-9. doi: 10.1021/acs.jafc.6b01367

9. Charoensinphon N, Qiu P, Dong P, Zheng J, Ngauv P, Cao Y, et al. 5-
demethyltangeretin inhibits human nonsmall cell lung cancer cell growth by
inducing G2/M cell cycle arrest and apoptosis. Mol Nutr Food Res. (2013)
57:2103-11. doi: 10.1002/mnfr.201300136

10. Zheng ], Song M, Dong P, Qiu P, Guo S, Zhong Z, et al. Identification of
novel bioactive metabolites of 5-demethylnobiletin in mice. Mol Nutr Food
Res. (2013) 57:1999-2007. doi: 10.1002/mnfr.201300211

11. Goh JXH, Tan LT, Goh JK, Chan KG, Pusparajah P, Lee LH, et al. Nobiletin
and derivatives: functional compounds from citrus fruit peel for colon cancer
chemoprevention. Cancers. (2019) 11:867. doi: 10.3390/cancers11060867

12. Lai CS, Wu JC, Ho CT, Pan MH. Disease chemopreventive effects and
molecular mechanisms of hydroxylated polymethoxyflavones. BioFactors.
(2015) 41:301-13. doi: 10.1002/biof.1236

13. Li SM, Pan MH, Lo CY, Tan D, Wang Y, Shahidi E, et al. Chemistry and health
effects of polymethoxyflavones and hydroxylated polymethoxyflavones. J Func
Foods. (2009) 1:2-12. doi: 10.1016/;.jff.2008.09.003

14. Wu X, Song M, Gao Z, Sun Y, Wang M, Li E et al. Nobiletin
and  its suppress  colitis-associated
carcinogenesis by down-regulating iNOS, inducing antioxidative
enzymes and arresting cell cycle progression. ] Nutr Biochem. (2017)
42:17-25. doi: 10.1016/j.jnutbio.2016.12.020

colonic  metabolites colon

contributed to the article and approved the submitted
version.

FUNDING

This work was partially supported by National Institutes
of Health (R01AT010229) and United States Department
of Agriculture (NIFA grant #2019-67017-29249 and
2020-67017-30835). Part of the findings has been
presented at Experimental Biology 2016 (Abstract titled
Biotransformation of 5-demethyltangeretin in mice: generation of
anti-cancer metabolites).

15. Song M, Wu X, Charoensinphon N, Wang M, Zheng ], Gao Z,
et al. Dietary 5-demethylnobiletin inhibits cigarette carcinogen
NNK-induced lung tumorigenesis in mice. Food Func. (2017)
8:954-63. doi: 10.1039/C6FO01367H

16. Song M, Lan Y, Wu X, Han Y, Wang M, Zheng J, et al. The chemopreventive
effect of 5-demethylnobiletin, a unique citrus flavonoid, on colitis-driven
colorectal carcinogenesis in mice is associated with its colonic metabolites.
Food function. (2020) 11:4940-52. doi: 10.1039/DOFO00616E

17. Guo S, Wu X, Zheng J, Charoensinphon N, Dong P, Qiu P, et al
Anti-inflammatory effect of xanthomicrol, a major colonic metabolite of
5-demethyltangeretin. Food Func. (2018) 9:3104-13. doi: 10.1039/C8FO
00279G

18. Li S, Pan MH, Lai CS, Lo CY, Dushenkov S, Ho CT. Isolation and
syntheses of polymethoxyflavones and hydroxylated polymethoxyflavones
as inhibitors of HL-60 cell lines. Bioorg Med Chem. (2007) 15:3381-
9. doi: 10.1016/j.bmc.2007.03.021

19. Sun Y, Wu X, Cai X, Song M, Zheng J, Pan C, et al. Identification
of pinostilbene as a major colonic metabolite of pterostilbene and its
inhibitory effects on colon cancer cells. Mol Nutr Food Res. (2016) 60:1924-
32. doi: 10.1002/mnfr.201500989

20. Li E Han Y, Cai X, Gu M, Sun J, Qi C, et al. Dietary resveratrol
attenuated colitis and modulated gut microbiota in dextran sulfate
sodium-treated mice. Food Funct. (2020) 11:1063-73. doi: 10.1039/C9FO01
519A

21. Bode LM, Bunzel D, Huch M, Cho G-S, Ruhland D, Bunzel M, et al. In vivo
and in vitro metabolism of trans-resveratrol by human gut microbiota. Am |
Clin Nutr. (2013) 97:295-309. doi: 10.3945/ajcn.112.049379

22. Sun Y, Wu X, Cai X, Song M, Zheng J, Pan C, et al. Identification
of pinostilbene as a major colonic metabolite of pterostilbene and its
inhibitory effects on colon cancer cells. Mol Nutr Food Res. (2016) 60:1924-
32. doi: 10.1002/mnfr.201500989

23. SunY, Han Y, Song M, Charoensinphon N, Zheng J, Qiu P, et al. Inhibitory
effects of nobiletin and its major metabolites on lung tumorigenesis. Food
Funct. (2019) 10:7444-52. doi: 10.1039/C9FO01966A

24. Fernandez-Tome S, Xu E Han Y, Hernandez-Ledesma B, Xiao H.
Inhibitory effects of peptide lunasin in colorectal cancer HCT-116 cells
and their tumorsphere-derived subpopulation. Int ] Mol Sci. (2020)
21:537. doi: 10.3390/ijms21020537

25. Chen XX, Wu X, Ouyang W, Gu M, Gao ZL, Song MY, et al. Novel ent-
Kaurane diterpenoid from Rubus corchorifolius L. f. inhibits human colon
cancer cell growth via inducing cell cycle arrest and apoptosis. J Agric Food
Chem. (2017) 65:1566-73. doi: 10.1021/acs.jafc.6b05376

26. Wu X, Song M, Cai X, Neto C, Tata A, Han Y, et al. Chemopreventive
effects of whole cranberry (Vaccinium macrocarpon) on colitis-
associated  colon tumorigenesis. Mol Nutr Food Res. (2018)
62:€1800942. doi: 10.1002/mnfr.201800942

27. Rakariyatham K, Du Z, Yuan B, Gao Z, Song M, Pan C, et al
Inhibitory effects of 7,7-bromo-curcumin on 12-O-tetradecanoylphorbol-
13-acetate-induced  skin inflammation. Eur ] Pharmacol. (2019)

858:172479. doi: 10.1016/j.ejphar.2019.172479

Frontiers in Nutrition | www.frontiersin.org

July 2020 | Volume 7 | Article 103


https://doi.org/10.1021/jf060234n
https://doi.org/10.1021/jf102730b
https://doi.org/10.1002/mnfr.200800057
https://doi.org/10.1016/j.jff.2015.09.035
https://doi.org/10.1021/acs.jafc.5b05156
https://doi.org/10.1002/mnfr.201500378
https://doi.org/10.1002/mnfr.200900605
https://doi.org/10.1021/acs.jafc.6b01367
https://doi.org/10.1002/mnfr.201300136
https://doi.org/10.1002/mnfr.201300211
https://doi.org/10.3390/cancers11060867
https://doi.org/10.1002/biof.1236
https://doi.org/10.1016/j.jff.2008.09.003
https://doi.org/10.1016/j.jnutbio.2016.12.020
https://doi.org/10.1039/C6FO01367H
https://doi.org/10.1039/D0FO00616E
https://doi.org/10.1039/C8FO00279G
https://doi.org/10.1016/j.bmc.2007.03.021
https://doi.org/10.1002/mnfr.201500989
https://doi.org/10.1039/C9FO01519A
https://doi.org/10.3945/ajcn.112.049379
https://doi.org/10.1002/mnfr.201500989
https://doi.org/10.1039/C9FO01966A
https://doi.org/10.3390/ijms21020537
https://doi.org/10.1021/acs.jafc.6b05376
https://doi.org/10.1002/mnfr.201800942
https://doi.org/10.1016/j.ejphar.2019.172479
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Wu et al.

Biotransformation of 5-Demethyltangeretin in Mice

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

Freireich EJ, Gehan EA, Rall DP, Schmidt LH, Skipper HE. Quantitative
comparison of toxicity of anticancer agents in mouse, rat, hamster, dog,
monkey, and man. Cancer Chemother Rep. (1966) 50:219-44.

Wang M, Zheng J, Song M, Gao Z, Xu F, Cai X, et al. Tissue distribution and
metabolism of 5-demethylnobiletin after its long-term dietary administration
in mice (270.5). FASEB J. (2014) 28 (Suppl. 1):270.5.

Wang M, Zheng ], Zhong Z, Song M, Wu X. “Tissue distribution of
nobiletin and its metabolites in mice after oral administration of nobiletin,”
in Federation of American Societies for Experimental Biology (2013).

Ma C, Zheng ], Warnick T, Leschine S, Xiao H. Biotransformation of
polymethoxyflavones by mouse and human colonic microflora. Faseb J. (2013)
27(1_supplement):1056.10

GuM, Cai X, Song M, Li Z, Li E, Goulette T, et al. Inhibitory effects of nobiletin
on colitis were associated with altered gut microbiota. FASEB J. (2017) 31
(1. Suppl):793.11-793.11.

Nielsen SE, Breinholt V, Cornett C, Dragsted LO. Biotransformation
of the citrus flavone tangeretin in rats. Identification of metabolites
with intact flavane nucleus. Food Chem Toxicol. (2000) 38:739-
46. doi: 10.1016/50278-6915(00)00072-7

Li SM, Wang H, Guo LM, Zhao H, Ho CT. Chemistry and
bioactivity of nobiletin and its metabolites. ] Func Foods. (2014)
6:2-10. doi: 10.1016/.jff.2013.12.011

Li E Sun Y, Song MY, Wu X, Xiao H. Gastrointestinal biotransformation of
resveratrol in mice. FASEB J. (2016) 30 (1_supplement):145.7.

Wang MQ, Zheng JK, Zhong ZM, Song MY, Wu X. Tissue distribution of
nobiletin and its metabolites in mice after oral administration of nobiletin.
Faseb . (2013) 27 (1_supplement):125.3.

Mahajan R, Attri S, Mehta V, Udayabanu M, Goel G. Microbe-
bio-chemical  insight:  reviewing interactions  between  dietary
polyphenols and gut microbiota. Mini Rev Med Chem. (2018)
18:1253-64. doi: 10.2174/1389557516666161024145216

Lopresti AL. The problem of curcumin and its bioavailability: could its
gastrointestinal influence contribute to its overall health-enhancing effects?
Adv Nutr. (2018) 9:41-50. doi: 10.1093/advances/nmx011

Rowland I, Gibson G, Heinken A, Scott K, Swann J, Thiele I, et al. Gut
microbiota functions: metabolism of nutrients and other food components.
Eur ] Nutr. (2018) 57:1-24. doi: 10.1007/s00394-017-1445-8

Laparra JM, Sanz Y. Interactions of gut microbiota with functional
food components and nutraceuticals. Pharmacol Res. (2010) 61:219-
25. doi: 10.1016/j.phrs.2009.11.001

41.

42.

43.

44.

45.

46.

47.

48.

49.

Heim KE, Tagliaferro AR, Bobilya DJ. Flavonoid antioxidants:
chemistry,  metabolism  and  structure-activity  relationships. ]
Nutr  Biochem.  (2002)  13:572-84. doi:  10.1016/S0955-2863(02)
00208-5

Siegel RL, Miller KD, Jemal A. Cancer statistics, (2020). CA Cancer ] Clin.
(2020) 70:7-30. doi: 10.3322/caac.21590

Ma NH, Lai CS, Chung CH, Yang JM, Hsu KC, Chen CY, et al
5-Demethyltangeretin is more potent than tangeretin in inhibiting
dimethylbenz(a)anthracene (DMBA)/12-O-tetradecanoylphorbol-13-
acetate (TPA)-induced skin tumorigenesis. J Func Foods. (2014)
11:528-37. doi: 10.1016/}.jff.2014.08.009

Evan GI, Vousden KH. Proliferation, cell cycle and apoptosis in cancer.
Nature. (2001) 411:342-8. doi: 10.1038/35077213

Li XL, Zhou J, Chen ZR, Chng WJ. P53 mutations in colorectal
cancer - molecular pathogenesis and pharmacological reactivation.
World ]  Gastroenterol.  (2015)  21:84-93. doi: 10.3748/wjg.v21.
i1.84

Fridman JS, Lowe SW. Control of apoptosis by p53. Oncogene. (2003)
22:9030-40. doi: 10.1038/sj.onc.1207116

Abbas T, Dutta A. p2l in cancer: intricate networks and
multiple activities. Nat Rev Cancer. (2009) 9:400-14. doi: 10.1038/
nrc2657

Otto T, Sicinski P. Cell cycle proteins as promising targets in
cancer therapy. Nat Rev Cancer. (2017) 17:93-115. doi: 10.1038/nrc.
2016.138

Fang F Orend G, Watanabe N, Hunter T, Ruoslahti E. Dependence of
cyclin E-CDK2 kinase activity on cell anchorage. Science. (1996) 271:499-
502. doi: 10.1126/science.271.5248.499

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Copyright © 2020 Wu, Li, Sun, Li, Gao, Zheng and Xiao. This is an open-access
article distributed under the terms of the Creative Commons Attribution License (CC
BY). The use, distribution or reproduction in other forums is permitted, provided
the original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with these
terms.

Frontiers in Nutrition | www.frontiersin.org

July 2020 | Volume 7 | Article 103


https://doi.org/10.1016/S0278-6915(00)00072-7
https://doi.org/10.1016/j.jff.2013.12.011
https://doi.org/10.2174/1389557516666161024145216
https://doi.org/10.1093/advances/nmx011
https://doi.org/10.1007/s00394-017-1445-8
https://doi.org/10.1016/j.phrs.2009.11.001
https://doi.org/10.1016/S0955-2863(02)00208-5
https://doi.org/10.3322/caac.21590
https://doi.org/10.1016/j.jff.2014.08.009
https://doi.org/10.1038/35077213
https://doi.org/10.3748/wjg.v21.i1.84
https://doi.org/10.1038/sj.onc.1207116
https://doi.org/10.1038/nrc2657
https://doi.org/10.1038/nrc.2016.138
https://doi.org/10.1126/science.271.5248.499~
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

	Identification of Xanthomicrol as a Major Metabolite of 5-Demethyltangeretin in Mouse Gastrointestinal Tract and Its Inhibitory Effects on Colon Cancer Cells
	Introduction
	Materials and Methods
	Animals, Diets, and Experimental Procedure
	Identification of the Major Metabolites of 5DT in Mouse GI Tract
	Analysis of Cell Viability, Apoptosis, and Cell Cycle
	Immunoblot Analysis
	Statistical Analysis

	Results and Discussion
	Metabolic Fate of 5DT in Mouse GI Tract
	Quantification of 5DT and XAN in Mouse GI Tract
	Inhibitory Effects of XAN, the Major Colonic Metabolite of 5DT, on HCT116 Human Colon Cancer Cells
	Induction of Apoptosis and Cell Cycle Arrest by XAN
	Modulation of Key Signaling Pathways Associated Apoptosis and Cell Cycle by XAN Treatments

	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	References


